This Resource Letter is a guide to the literature on time and frequency measurement. Journal articles and books are cited for the following topics: frequency standards; methods of characterizing performance of clocks and oscillators; time scales, clock ensembles, and algorithms; international time scales; frequency and time distribution; and applications. [The letter E after an item indicates elementary level or material of general interest. The letter I, for intermediate level, indicates material of somewhat more specialized nature, and the letter A indicates rather specialized or advanced material. The designations E/I and I/A are used to indicate that the article contains material at both levels, so that at least part of the article is written at the lower of the two levels.]
I. INTRODUCTION
Archeological evidence indicates that since prehistoric times man has been devising progressively better means of keeping track of the passage of time. In the earliest stages this involved observation of the apparent motion of the sun, but finer subdivision of the day later involved devices such as water clocks, hourglasses, and calibrated candles. After long development with many variations, mechanical methods for keeping time, in the form of pendulum clocks, achieved excellent precision (a fraction of a second per day). However, with the invention of the two-pendulum clock in 1921 by William Hamilton Shortt, the practical ,performance limit of such mechanical clocks was reached. The distinction between frequency standard and clock (between frequency and time) is easily recognized in the pendulum clock. The constant frequency of oscillation of the pendulum constitutes a frequency standard. The mechanism used to count the ticks and display their accumulation as seconds, minutes, hours, days, and years converts this frequency standard into a clock.
The modern era of timekeeping began with the development of the quartz crystal oscillator. In a 1918 patent application, Alexander M. Nicholson disclosed a piezoelectric crystal as the control element in a vacuum tube oscillator. The first clock controlled by a quartz crystal was subsequently developed in 1927 by Joseph W. Horton and Warren A. Marrison. Since the introduction of the quartz oscillator, the performance of frequency standards has advanced by many orders of magnitude, and industry and science have come to rely on the timing made possible by them. Many modern technological applications require that geographically distributed systems have the same time (synchronization) or run at the same rate (syntonization). Thus, an important consideration in time and frequency measurement has been the precise transfer of timing between separated stations. This has led to an interplay between the development of the two key technologies, (1) frequency standards and clocks and (2) methods of time and frequency transfer. Comparisons between early quartz timepieces were accomplished with adequate precision using signals transmitted by terrestrial radio waves.
Quartz crystal oscillators remained at the performance forefront for only a short time. In 1949, the atomictimekeeping era began with the construction of the first atomic clock. This standard, based on a resonance in the ammonia molecule, was constructed at the National Bureau of Standards in a project led by Harold Lyons. The ammonia standard was quickly superseded by the cesium-beam frequency standard that forms the current basis for defining the second. Atomic standards progressed rapidly in accuracy and stability through the 1950s and 1960s. By the mid-1970s the best atomic standards were realizing the definition of the second with an uncertainty of allowing timekeeping uncertainty of 10 ns over the period of one day. But the existing methods of time transfer could not easily support comparison of performance between geographically separated devices. At the time, the most convenient method for comparing standards over long distances involved LORAN-C navigation signals. Separated stations could simultaneously monitor the same highly stable LORAN-C broadcast to achieve comparison of the standards, but time comparison errors as large as 500 ns were observed. Clocks could be compared more precisely using portable atomic clocks, but since this involved flying a fully operational clock from one laboratory to another, it was expensive and impractical to do more often than a few times per year.
The most recent thrust forward was fostered by two developments. More precise time transfer using GPS satellites in a "common-view" mode was developed in the early 1980s. This provided the means for precise comparisons of standards constructed in different laboratories. During this same period, physicists were developing methods for using lasers to control the atomic states and the motions of atoms and ions. These new methods offer promise of dramatic advances in accuracy of atomic standards, and evidence of such advances is just beginning to appear. With these new concepts for improved standards and the technology required to compare the performance of separated standards, physicists have gained new motivation to build better atomic clocks, and work is progressing rapidly in many laboratories.
Significant improvements have been made in cesiumbeam standards by replacing magnetic state selection and state detection with optical selection and detection. But still greater advances will come with the practical realization of entirely new concepts that have been demonstrated in the laboratory. Radiatively cooled ions stored in electromagnetic traps provide the ultimate answer to Doppler-shift problems, but the atomic-fountain standard that uses laser-cooled neutral atoms offers substantial promise as well.
The pace of improvement in atomic standards, an increase in accuracy by a factor of nearly 10 every 7 years, is expected to continue. The most advanced concepts promise accuracy improvement of three to four orders of magnitude. Frequency is already the most accurately realized unit of measure, so it is surprising to find such great potential for improvement. Since even modest frequency accuracy is often well beyond the accuracy with which other measurements are made, other quantities are often converted (transduced) to frequency to achieve better precision, resolution, and ease of measurement. Length and voltage are examples of units now based on frequency measurements.
The atomic definition of the second has provided the means to improve frequency accuracy, but in many applications the only requirement is for frequency stability. In this case, what matters is that two or more oscillators stay at the same, although not necessarily accurate, frequency. While high accuracy ensures good relative stability, it is not essential for it. Thus, in responding to application requirements, developers of atomic and quartz devices have often emphasized frequency stability rather than frequency accuracy.
Time plays a major role in physical theory, and better clocks have provided physicists with improved means for testing their theories. Over the last 45 years, progress in atomic clock technology has been driven more by scientific than by industrial requirements, but clever engineers have taken good advantage of the advancing technology. A good example is the exceptional navigational accuracy provided by the Global Positioning System (GPS). This accuracy is critically dependent on atomic-clock technology. Other areas benefitting from this technology include telecommunications and electrical-power distribution.
In this resource letter we address time and frequency standards and measurement methods, the special statistical methods used for handling noise in clocks and oscillators, and the distribution of time and frequency signals. Signal distribution is included because a large fraction of measurements made in this field rely on timing signals transmitted from central sources to the points of measurement. Articles in many of the areas covered by this resource letter are published in well-known journals, but in some instances we are forced to refer to papers presented at conferences, the proceedings of which are not widely available in libraries. In these instances, we provide an address where the proceedings can be obtained. In our selection of articles we recognize that biases will be evident, and we apologize for these biases. There are a great number of papers that could have been cited, but are not because of space limitations.
JOURNALS
The majority of papers on time and frequency topics are Four special issues of IEEE journals (the first four references below) have been devoted exclusively to time and frequency topics. Many of the invited articles in these issues were written as reviews of specialized subtopics and are therefore very readable. Two other special issues on the broader subject of radio measurement methods and standards are also included because they contain a number of useful and easy-to-read articles on time and frequency. (1992).
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V. CURRENT RESEARCH TOPICS
A. General review articles
There is no single review paper that covers the field comprehensively. A full review of the field can be found in several of the books cited above. The articles listed below provide good reviews of limited segments of the field. Two of these papers review the history of development of atomic standards and in the process give good introductions to their principles of operation. 
B. Frequency standards
The different frequency standards (oscillators) are organized into seven categories. These are arranged roughly in ascending order of complexity and cost.
Quartz oscillators
Quartz oscillator development has been characterized by slow, steady improvement for many years and this pace of improvement is likely to continue into the future. Their small size, low power consumption, and excellent short-term performance make quartz oscillators suitable for a large number of applications: more than 2X109 units are produced annually. However, quartz oscillators exhibit long-term aging and are sensitive to environmental changes, so they are not suitable for some applications.
With special attention to packaging and environmental control (at some expense) quartz oscillators can provide a frequency stability of lo-" to lo-'* for averaging times of one day. The most comprehensive collection of articles on this subject are found in the two-volume set edited by Gerber 
Rubidium standards
Rubidium frequency standards are the least costly of the atomic standards. In terms of long-term noise and drift, rubidium standards are generally better than quartz, but not nearly as good as other atomic standards. The traditional rubidium standard relies on optical pumping of atomic states by a discharge lamp. Recent research suggests that substantial improvement in performance can be achieved by pumping the states with a spectrally pure source such as a laser. Rubidium standards are typically passive devices, but they can also be operated in an active (masing) mode. 
Cesium standards
Since 1967, the second has been defined as "the duration of 9 192 631 770 periods of the radiation corresponding to the transition between two hyperfine levels of the ground state of the cesium-133 atom." Thus it is not surprising to find a large body of literature on cesium frequency standards.
Cesium standards are passive devices, that is, the atoms play a passive role wherein an external oscillator scans through a range of frequencies and some detection scheme then indicates when the oscillator is on the atomic resonance. Cesium standards typically use the method of separated oscillatory fields, a special mode of interaction of the atoms with the external oscillating field, to produce an especially narrow resonance. This reduces sensitivity to dc and oscillating field inhomogeneities. 
Hydrogen masers
The most common type of hydrogen-maser frequency standard differs from other atomic standards in that it oscillates spontaneously and therefore exhibits very high signalto-noise ratio. This results in excellent short-term stability. With proper servo control of the resonance of the microwave cavity, the hydrogen maser can also provide exceptional long-term stability. Hydrogen masers can also be operated in a passive mode wherein a local oscillator is tuned to the peak of the transition.
Hydrogen atoms in the maser cavity are contained within a bulb. The atoms interact numerous times with the walls of the bulb, resulting in a very long interrogation time. Since interaction with the walls produces a small frequency shift, the wall coating of the bulb limits the frequency accuracy of the maser. Much work on masers has focused on polymer (PTFE, Teflon) wall coatings. Recent studies indicate that large performance improvements might be achieved through use of a superfluid liquid-helium wall coating. 
Stored-ion standards
A particularly promising approach to the problem of Doppler-shift and interrogation-time limitations encountered in cesium-beam standards involves the use of trapped ions. Positive ions can be trapped indefinitely in electromagnetic traps thus eliminating the first-order Doppler shift. They can then be cooled through cbllisions with a buffer gas to modest temperatures or laser cooled to extremely low temperatures; even the second-order Doppler shift is thus reduced substantially. Using these methods, the systematic energy shifts in transitions in certain ions can be understood with an uncertainty of 1X10-'8 implying the potential for a frequency standard with this uncertainty.
The construction of such a stored-ion standard poses a very difficult engineering challenge. A key problem to overcome is the lower signal 'strength associated with the smaller number of particles (ions) involved in most of these standards. Improvement in signal-to-noise ratio can be achieved by increasing the signal and decreasing the noise. Traps of linear geometry readily provide increased signal strength since they store more ions. A proposal has been made to reduce noise using squeezed-state methods. 
Other oscillators
The superconducting-cavity-stabilized oscillator and the cooled-sapphire oscillator do not fit neatly into previous categories and they are not yet widely used. However, the potential for extremely good short-term stability has been demonstrated for both, and they could play a role in the future, so they are mentioned here. 
Optical-frequency standards and optical-frequency measurement
Many of the techniques described above can be used with optical (rather than microwave) transitions to produce optical-frequency standards. We include a section on this topic because optical-frequency standards have a special niche within the field: their development burgeoned after researchers first measured the speed of light c by measuring the frequency and wavelength of a visible laser. After the accuracy of measurement of c was improved through many measurements, an international agreement defined the speed of light as a constant and redefined the meter in terms of c and the second.
But the interest in optical-frequency standards goes well beyond the redefinition of the meter. Because of their higher Q (or narrower relative linewidth Aflf), frequency standards based on optical transitions have the potential for achieving higher performance than those based on microwave transitions. The key disadvantage in using optical transitions is that most applications require access to a frequency in the microwave or lower range. An optical-frequency standard thus requires an auxiliary frequency-synthesis system to accurately relate the optical frequency to some convenient lower frequency. With current technology this is very difficult. Nonetheless, work on optical-frequency standards proceeds with the assumption that the frequency-synthesis methods will be simplified or that optical-frequency standards can be directly useful in the optical region. In fact, good opticalfrequency measurements already contribute to more accurate spectral measurements that support a wide range of important applications. 103. "Documents Concerning the New Definition of the Metre," Metrologia 19(4), 163-178 (1984) . Report of the international agreement redefining the meter. 
C. Methods of characterizing performance of clocks and oscillators
Estimation of systematic effects and random noise
Oscillators and clocks are subject to both systematic effects and random noise. In evaluating the performance of a particular device, we commonly first estimate and remove systematic effects, and then examine the residuals to assess the magnitude of random noise. For most physical systems, the standard variance is used to characterize the random noise and in such systems we usually find that a longer averaging time leads to a lower uncertainty. Unfortunately, the standard variance cannot be applied to clocks and oscillators because this variance is appropriate only if the noise in the system is white, that is, if the noise power is constant over the Fourier frequency interval to which the system is sensitive. Clocks and oscillators exhibit white noise over some frequency range, but for lower frequencies (or longer averaging times) noise components more often depend on negative powers @ -I , f-*, etc.) of the Fourier frequency. In such cases continued averaging of the data can result in progressively poorer results. While the source of the f-' behavior is partially understood for some devices, there is only speculation that the higher-order, nonwhite noise terms are the result of environmental changes affecting systematic terms.
To handle this nonwhite noise, special statisticalcharacterization techniques have been developed. In the time domain the two-sample (Allan) variance is used to characterize this type of noise. Modifications of this variance have been developed to deal with special situations, but the different variances now in use are all closely related. In the frequency domain, noise in oscillators is characterized by com-puting the spectral density of either the phase or frequency fluctuations. Spectral density remains a well-behaved quantity in the face of nonwhite noise processes. The choice of approach (time domain versus frequency domain) depends on the physical measuring system (as discussed below) and the application. The time-domain specification is most useful for discussing performance in the long term while the frequency-domain measures are most useful for describing short-term behavior. These measures have been the subject of considerable confusion, so the field has adopted standards for terminology and characterization.
Oscillators and clocks respond to changes in environment, so this aspect of characterization is also important. Performance in the face of temperature change is probably of broadest concern, but some applications demand relative insensitivity to, for example, magnetic field, acceleration, and humidity.
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Measurement systems
Measurement systems used to characterize clocks and oscillators can be classified into three general categories. These are (1) direct measurements where no signal mixers are used, (2) heterodyne measurements where two unequal frequencies are mixed, and (3) homodyne measurements where two equal frequencies are mixed. The first are by far the simplest, but lack the resolution of the other methods. Measurement methods can also be categorized as being in the time domain or the frequency domain. The time-domain-measurement systems, on the one hand, usually acquire time-series data through repeated time-interval-counter measurements. Proper analysis of these data yields the performance as a function of data-averaging time 7. Such time-domain analysis is most useful for looking at medium-term to long-term noise processes. Frequency-domain measures, on the other hand, use fast Fourier transforms (FFTs) and spectrum analyzers, and are effective for looking at higher-frequency noise processes. Caution must be used when quantitative results are derived from spectrum analyzers, since the type of measurement window used by each instrument affects the results. 
D. Time scales, clock ensembles, and algorithms
Since all clocks exhibit random walk of time at some level, any two independent clocks will gradually diverge in time. Thus, the operation of several clocks at a single site poses a major question: Which clock should be trusted? Timekeeping, furthermore, requires extreme reliability. When a timekeeping system fails, the time must be reacquired from another source. This can be very difficult for high-accuracy timekeeping. Thus, methods for increasing reliability have great appeal to those charged with maintaining national time scales. To improve reliability and timekeeping performance, a number of national laboratories combine the data from many standards to form something referred to as a clock ensemble. The problem is how to integrate the data from different clocks so as to produce the best possible ensemble time scale.
Combining data from several clocks requires an algorithm that assigns an appropriate weight to each clock and combines the data from all of the clocks in a statistically sound manner. Such algorithms have evolved over the past two decades, and systems based on these algorithms deliver an ensemble performance that is statistically better and much more reliable than that of any single clock in the ensemble.
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E. International time scales
Until 1967 the world's timekeeping system was based on the motions of the earth (see Chap. 7 of Ref. 42 for details on the history of this period). After the stability of atomic timekeeping was recognized to be far superior to that defined by the earth's motions, the world redefined the second in terms of the cesium atom as noted in Sec. V B 3. Subsequent decisions then gave the world the atomic-time scales denoted as International Atomic Time (TAI) and Coordinated Universal Time (UTC). TAI is a purely atomic scale derived from data from the best atomic clocks in the world. UTC is similarly derived, but incorporates a provision for addition or deletion of "leap seconds" that are needed to keep the world's atomic-timekeeping system in synchronization with the motions of the earth. UTC has the stability of atomic time with a simple means for adjusting to the erratic motions of our planet. This world time scale replaces the familiar Greenwich Mean Time. The Bureau International des Poids et Mesures (BIPM) in Paris serves as the central agent for this international timekeeping activity.
Many laboratories throughout the world contribute raw clock data to the BIPM for the computation of UTC. Most of these in turn steer their own output time signals to UTC, assuring that their broadcast time signals are in very close agreement with this international scale. Each laboratory designates its output signal as UTC(XXXX) where XXXX designates the laboratory. Thus, UTC(N1ST) is NIST's best representation of UTC.
129. "Standards of Measurement," A. V. Astin, Sci. 
F. Frequency and time distribution
Once a national laboratory generates its estimate of UTC, any of a number of methods can be employed to deliver it to the user. The complexity of the method selected is determined by,the accuracy and precision required by the user. At the highest accuracy, the synchronization of widely separated clocks involves consideration of relativistic effects. 
One-way time transfer
In "one-way" time transfer, the user receives a broadcast signal that corresponds to a given time scale and then compares the clock to be set with the received time signal. To obtain higher accuracy, some estimate of the time delay associated with transmission is often factored into the setting of the clock. Short-wave broadcasts of timing signals are but one example of this type of time transfer. Such broadcasts usually include a digital time code so that the clock-setting process is readily automated. Several types of one-way broadcasts are described below.
a. Shortwave and low-frequency broadcasts. In the United States, WWV, WWVH, and WWVB, stations operited by NIST, provide broadcasts in the short-wave and lowfrequency (LF) regions. The best achievable uncertainty for such broadcasts is about lo-" for frequency and about 100 ps for time. cently. The availability of this second independent satellite system for use in time transfer should prove useful in the future.
